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Abstract Butterflies have been a frequent subject of studies on sexual selection or mating systems due to their 
colorful wings. One problem in studying mating behavior of butterflies is that they often exhibit no typical behavior 
toward the opposite sex before copulation, which makes it difficult to assess their sexual intent. It was said that males 
of the Old World swallowtail, Papilio machaon (Lepidoptera: Papilionidae), hold a mating territory on a hilltop, and 
that males perform a typical flight to a flying female. In the present study, I precisely observed and described 
territorial and mating behavior of this butterfly. Males gathered around a hilltop in the daytime. Upon an encounter, 
two males chased each other until one of them flew away from the hilltop. The other returned to the hilltop. Therefore, 
the male-male interactions functioned as territorial contests. Males also chased various flying organisms such as other 
insects or birds. However, these heterospecific interactions were much shorter than conspecific interactions. When a 
female flew to the hilltop, a male occupying it rushed to her, and then he flew just beneath her before flying up in 
front of her, and dropped back behind her to perform his flight routine again. If the female alighted nearby, the male 
also alighted by her and they copulated. Therefore, the specific flight is regarded as a part of P. machaon’s courtship 


behavioral sequence. One can use this behavior as an index of sexual intent. 
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Introduction 


Understanding the mating systems of animals is a central 
aim of evolutionary biology because it provides insights 
into many sexually selected traits. Due to their colorful 
wings, butterflies have attracted the attention of many 
biologists. There are two types of butterfly mating 
systems: perching and patrolling (Scott, 1974; Dennis and 
Shreeve, 1988). Perching males occupy specific sites, 
such as prominent trees or sunspots in woods. Typically, 
these locations contain no food or other useful resources, 
but sometimes a receptive female visits there. Males 
compete over the ownership of these sites via aerial 
interactions (reviewed by Kemp and Wiklund, 2001). 
Therefore, perching tactics and territorial tactics are 
practically the same in butterflies, although they are 
conceptually different (Rutowski, 1991). Patrolling males 
do not stay in specific sites but rather spend most of their 
time on the wing to find receptive females. A large number 
of studies have been conducted on mate-locating behavior 
of butterflies. Many species use specialized territorial or 
patrolling tactics (Rutowski et al., 1989; Suzuki and 
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Matsumoto, 1990; Hirota and Obara, 2000; Takeuchi and 
Imafuku, 2005a; Takeuchi and Imafuku, 2005b; Bergman 
and Wiklund, 2009; Takeuchi, 2010), whereas some 
species appear to use the two tactics as conditional 
strategies (Wickman, 1988; Alcock, 1994; Fischer and 
Fiedler, 2001). Both perching and patrolling butterflies 
often use hilltops as landmarks. Perching species hold a 
mating territory on hilltops and patrolling species fly 
around mountain ridges (Shields, 1967; Alcock and 
O'Neill, 1986; Wickman, 1988; Rutowski et al., 1989; 
Tashita, 1991; Ferreira et al., 2016). 


The Old World swallowtail, Papilio machaon Linnaeus 
(Lepidoptera: Papilionidae), is the type species of the 
genus Papilio, and is widely found in the Palearctic region 
(including North America) and Eurasia (Fukuda et al., 
1982; Miyakawa et al., 2018). It is reported that males of 
this species hold a territory around a hilltop and mate 
there (Fukuda et al., 1982; Murphy, 2008), although there 
is no precise data. For example, it is not clear whether 
there are more males on hilltops than on foothills, or 
whether males really defend the hilltops. It is also reported 
that males exhibit specific behavior toward a flying 
female: they vertically circle around her (Sciberras, 
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2010). If this flight is a courtship, P machaon is an ideal 
species for studying mating behavior. This is because in 
many studies, researchers regarded hovering of male 
butterflies around female lures as courtship (e.g., Jiggins 
et al., 2001; Finkbeiner et al., 2014; Li et al., 2017), 
although it is not clear whether this behavior is really a 
part of a courtship behavioral sequence. It may be no 
more than an index of interest in something. In addition, 
the North American P. machaon group has attracted 
researchers’ attention regarding its hybridization and 
speciation (Dupuis and Sperling, 2015; Dupuis and 
Sperling, 2016). Due to its characteristic behavior and 
wide distribution, P. machaon has great potential 
usefulness for studying mating systems of butterflies. 
However, there is no precise description of its mating 
behavior. 


In the present study, I observed and described territorial 
and mating behavior of P. machaon. One problem in 
studying mating systems of butterflies is that generally 
researchers can observe few instances of courtship 
behavior and copulation in the wild (Rutowski et al., 
1989; Lederhouse et al., 1992; Cordero, 2000; Takeuchi 
and Honda, 2009). Therefore, in addition to observing 
their natural mating behavior, I presented hand-reared 
females to territorial males to observe their courtship 
behavior. 


Materials and methods 
Field work 


All observations were made at Mt. Ohyasan in Inagawa, 
Hyogo Pref., Japan (35.01N, 135.31E). The flight period 
of P. machaon is April to September, during which there 
are some successive generations. 


To study the daily activity pattern of P. machaon, a 
transect census was conducted on fine or partly fine days 
in August and September 2018: the total period of the 
census was 4 days (19, 29 August, 6, 19 September). 
Butterflies were observed along a 450-m-long transect 
(divided into nine ca. 50 m sections), which was 
established along an existing pass containing the summit 
of Mt. Ohyasan (Fig. 1). The sides of the pass were 
grassy (Fig. 2), which made my observation easy. The 
census was performed hourly from 9:00 to 17:00. In each 
census, I walked the transect from section 1 to 9, and 
recorded the locations of P. machaon using these sections. 
Each census required 10-15 min. Between each pair of 
consecutive censuses, I observed male behavior at the 
summit. I recorded (to the nearest second) the duration of 
male-male interactions and the duration of interactions 
with other organisms, such as other butterfly species, 
dragonflies, and birds. Two interacting individuals 
sometimes flew away from the summit and I could not 
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Fig. 1. A map of the study site and nine sections of the transect route. North is at 


the top. 
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continue to record the duration. In such cases, I recorded 
the duration of their interaction until I lost sight of them. 


On other days between July and September 2018, I 
presented tethered virgin females to territorial males, and 
video-recorded the sequence of courtship behavior. 
Abdomens of the females were tied with a fishline made 
of nylon (PRESSO DURABRA 1500, DAIWA). These 
females were obtained by rearing. Larvae of the butterfly 
were collected on the campus of Osaka Prefecture 
University, Sakai, Osaka Pref., Japan. I gave them leaves 
of the Japanese parsley, Oenanthe javanica, at room 
temperature. When adults emerged, each was stored in an 
entomological envelope at 12°C until field experiments. 
They were fed 5% sugar solution every other day. 


Data analyses 


Using the transect census data, a general linear mixed 
model (GLMM) was constructed to analyze sexual 
difference in daily activity. Hours when each individual 
was observed were included as independent variables. Sex 
of each individual was treated as a dependent variable. 
Days of observation were included as a random factor. For 
this analysis, I used a glmer function in the package Ime4 
(Bates et al., 2015) for R 3.4.1 (R Core Team, 2017). 


Duration of interactions with various organisms was 
analyzed by the Kruskal-Wallis test and multiple 
comparisons with a correction introduced in Siegel and 
Castellan Jr. (1988). 


Fig. 2. The study site (around the summit of Mt. Ohyasan) 10 July, 2018. 


Results 
Transect census 


Males were already active at 9:00 a.m., and were found 
until 16:00 (Fig. 3). They were mainly found around the 
hilltop (Table 1), where they perched on the ground or 
interacted with other flying organisms, such as conspecific 
males and other insects. Females were rarely found: some 
females were sucking flower nectar in lower sections, and 
one mating pair was observed in section 6 at 15:11 on 19 
August (Table 1). The GLMM analyzing sexual 
difference in daily activity did not show a significant 
difference (8 = — 0.33, P=0.17). 


Natural mating behavior 


I observed four male-female interactions at the hilltop on 
19 July, 3 and 29 August, and 18 September. In each case, 
a female flew to the hilltop, and then a male occupying 
the hilltop chased her. In the first case (at 11:36 a.m. on 
19 July), the female immediately alighted on a twig of the 
oleaster Elaeagnus umbellata, the male also alighted on 
the twig, and then they copulated. In the second and third 
cases (at 11:18 a.m. on 3 August, and at 10:41 a.m. on 29 
August), when the male caught up to the female, he flew 
just beneath her before flying up in front of her, and 
dropped back behind her to perform his flight routine 
again. The pairs flew down the mountain slope and I could 
not continue to observe them. In the fourth case (at 11:03 
on 18 September), the male performed a similar flight 
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Fig. 3. Average numbers of males (black bars) and females (grey 
bars) of P. machaon found in each hourly census, and their 


standard errors. 


Table 1. Cumulative total number of males and females observed at each section of the transect route (Fig. 1) 








Transect section 19. Aug. 29. Aug. 6. Sept. 19. Sept. Total 
1 
2 13 18 
3 2S2F 2S2F 
4 118 Us 4S 9S 358 
5 58 7h 3S 5S 20S 
6 ea et ROIS ig 1184? 

(including one mating pair) 

7 2012 1S 3h 12 
8 1g 1g 
9 


routine to the flying female. The female alighted on a twig 
of the pine Pinus densiflora, the male also alighted on the 
twig, and then they copulated. 


Mating behavior toward tethered females 


I presented six tethered females to six territorial males. 
When a tethered flying female was presented, a territorial 
male approached her and performed a specific flight, 
which was the same as the flight to free flying females 
(Supplementary File S1 online). Video-recording 
revealed that during the flight, males sometimes touched 


the female with their legs. Then the female alighted 
nearby. The male soon alighted by her and they copulated 
(Fig. 4). When tethered females did not sufficiently flap 
and hung, males grabbed the hanging female and 
copulated with her. Copulation lasted 30-60 min. 


Other male behavior at the hilltop 


At the hilltop, males usually perched on the ground when 
they were not chasing something. Many male-male 
interactions were observed between 10:19 a.m. and 15:33. 
Male-male interactions occurred when a male occupying 
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Table 2. The duration of interactions between male P machaon and various organisms. Means and standard 
errors are shown. Different characters indicate a significant difference shown by multiple comparison. 





Opponent N Duration (s) significance 
conspecific male (with entanglement) 82 22,5 Œ 1.72 a 
conspecific male (without entanglement) 87 14.5 + 1.15 a 
other butterflies 126 2.7 = 0.19 b 
other insects 28 2.2 + 0.42 b 
swallows 19 2.5 = 0.38 b 





i = n 


Fig. 4. A male copulating with a tethered female. 19 July, 2018 





Fig. 5. A male-male entanglement in the air. 18 August, 2018 


the hilltop was flying there and another male flew to the 
hilltop, or another male flew to the hilltop and the 
perching male rushed to it. In about half of male-male 
interactions, the two males initially ascended with spiral 





CARERE 
Fig. 6. The dragonfly Sieboldius albardae caught and ate a 
territorial male of P. machaon. 14 August, 2018 


flight (Table 2). In this phase, the two males often 
touched or grabbed the opponent with their legs (Fig. 5). 
Then the two males performed a horizontal chase. The 
remaining half of the interactions consisted of a horizontal 
chase only. After the chase one of the males returned to 
the hilltop. The other often returned after a while, and they 
then repeated the interactions. Males chased not only 
conspecifics but also other flying organisms such as other 
butterflies, dragonflies, grasshoppers and birds. The most 
common opponent in a heterospecific interaction was a 
male of the fritillary Argyreus hyperbius. Male fritillaries 
also perched on the hilltop, and chased moving objects. 
The duration of conspecific interactions was much longer 
than that of heterospecific interactions (Kruskal-Wallis 
test: chi-squared = 226.63, df = 4, P < 0.001; Table 2). At 
14:24 on 14 August, I observed that a perching male took 
off and was flying around the hilltop, then a Sieboldius 
albardae dragonfly caught the male and ate it (Fig. 6). 
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Discussion 


Males of P. machaon performed a typical flight to a flying 
female. During naturally occurring male-female 
interactions, a male followed a female from behind. Then 
he flew just beneath her before flying up in front of her, 
and dropped back behind her to repeat his flight routine 
again. When the female alighted on a leaf, the male also 
did so and they copulated. In one male-female interaction, 
this flight routine was not observed. In this case, a female 
immediately alighted on a leaf. Then, a male also alighted 
there and they copulated. This suggests that the typical 
flight behavior is not a mandatory process of partner 
recognition but rather is a male's attempt to obstruct 
female flight and induce her to alight nearby. Males also 
exhibited the specific flight to tethered females before 
copulation. Sciberras (2010) reported this male flight 
towards a flying female in P. machaon; however, did not 
clarify that this flight behavior is really followed by 
mating. The present study revealed that the male typical 
flight toward a flying female is a part of courtship 
behavior. Similar flight routines to a flying female are 
known in other species of Papilionidae, such as Battus 
philenor (Rutowski et al., 1989) and Graphium sarpedon 
(Kato and Yoshioka, 2003). In addition, males touched 
females during the flight routines, which is also reported 
in G. sarpedon (Kato and Yoshioka, 2003). Males of 
some Japanese Papilionid butterflies: P. xuthus, P. 
protenor, P. helenus, and Parnassius glacialis, also 
contacted conspecific models with their legs before 
attempting to copulate (Yamashita, 1995). It was shown 
that direct contact is necessary for the mating behavior of 
P. xuthus to progress (Yamashita, 1995). 


In the daytime, males gathered around the hilltop (Table 
1). This is in accord with previous observations (Fukuda 
et al., 1982; Murphy, 2008). I observed that some females 
of P. machaon flew to the hilltop and matings occurred 
there, indicating that the hilltop functioned as a mating 
station of the butterfly. It is reported that hilltopping males 
achieved matings in other butterflies (Lederhouse, 1982; 
Alcock, 1985; Natsuaki and Takeuchi, 1999). On the 
other hand, females may be more common in the foothills 
(Table 1), and hilltopping males may wait for females at 
places where the density of females is not highest. 


In about half of male-male interactions, the two males 
initially exhibited a spiral flight with an entanglement, that 
is, they chased each other. After this phase one of them 
horizontally chased the other. The remaining half of 


interactions consisted only of a horizontal chase. In either 
case, one of them returned to the hilltop after the horizontal 
chase. Therefore, the male-male interactions functioned as 
territorial contests if a contest is defined as ‘a direct and 
indirect behavioral interaction that determines the 
ownership of an indivisible resource unit’ (Hardy and 
Briffa, 2013). During the male-male entanglement, both 
males touched their opponent with their legs (Fig. 5). 
Similar behaviors were reported in P. indra and P. zelicaon 
(Eff, 1962; Shields, 1967). These two species are closely 
related to P machaon (Zakharov et al., 2004), suggesting 
that the behavior is characteristic to this taxon. The 
previous studies regarded this behavior as a fierce 
aggressive behavior (Eff, 1962; Shields, 1967). However, I 
think that that interpretation is not the simplest. During the 
sequence of courtship behavior, males of P. machaon also 
chased and touched a flying female with their legs. At 
present, it is sufficient to regard the male-male 
entanglement as a part of courtship behavioral repertories. 
Recent theoretical studies also concluded that the most 
parsimonious interpretation of male-male interactions in 
territorial butterflies is erroneous courtship (Takeuchi et 
al., 2016; Takeuchi, 2017). In short, male-male interactions 
of P machaon function as territorial contests; however, the 
interactions are not agonistic displays. 


Males chased not only conspecifics but also various 
moving objects, such as other butterfly species, 
dragonflies and birds. These objects included natural 
enemies of P. machaon. Actually, I observed that a 
dragonfly, Sieboldius albardae, caught and ate a territorial 
male of P. machaon (Fig. 6). There is no reason to 
assume that territorial males understand the identity of 
these moving objects that they chase. Males will chase 
various moving objects, expecting that they may be a 
receptive female. Similar observations were made on 
other butterfly species (Tinbergen, 1972; Lederhouse et 
al., 1992; Fischer and Fiedler, 2001). 


Male-male conspecific interactions were much longer than 
interactions with heterospecifics. This should be partly 
because in male-male interactions, both individuals chase 
each other (spiral flight), whereas in heterospecific 
interactions there is not always a reason for the opponent 
to chase P. machaon. However, the male-male interactions 
without the spiral flight phase (interactions where only 
one male chases the other male) were significantly longer 
than interactions with other organisms (Table 2). These 
results indicate that males of P. machaon were more 
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interested in conspecific males than in other organisms. 


Various butterflies of Papilionidae exhibit hilltopping; 
however, patrolling is a more common mating strategy 
than territoriality in this family (Fukuda et al., 1982; 
Rutowski et al., 1989; Kato and Yoshioka, 2003). P. 
machaon exhibited hilltop territoriality. Territoriality at 
hilltops has also been reported in P. zelicaon (Shields, 
1967) and P. polyxenes (Lederhouse, 1982). These 
species are closely related to P machaon (Zakharov et al., 
2004). Hilltop territoriality seems to be a characteristic 
mating strategy of P. machaon clade. 


In this study, I confirmed that males of P. machaon exhibit 
typical courtship behavior to females. This is an ideal 
property for studying the mating system of butterflies 
because one can use the behavior as an index of sexual 
intent. Experiments using various models will elucidate 
their mating behavior and sexual selection. 
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ia & 
YT TINO BATTED (AN W) 


F alse PRMeyorewlc, VES E lca A 
FAILS AWMROWR LE RoT. Favor 
EWES SROKE BHMO—Old, ZEST S ARPE 
WLC, REKAATFVADEJS EMMA RSE 
WERE <, ERRO EEY 2 ERIAN CL Ch 
2. ¥* 7 7? Papilio machaon (SIA: TFF a FPH) 
OES, WTA REO ERO CE, RAPOR L 
CHE ORTTI RT CBONCTWOA. AEC, ¥F 
TPN OS V TE) & WRITE TE AE CLS L, dk LUZ. 
HEH, WARCE F o7. SO THEEDA A & 
—F OPA WED SIROKA EC, BEVOR}. 
TORREKO, &9 —HOMMPILINAIC RTA 
zz. Leo, TORERE, WIRY Ge UC 
PRHEL CUS. Meld, HHO RMP REL, Re LIRITTS 
HWekomite LAL, CHOOT AES, 
MOA EY DIAPER. ET TAOMEDS 
WTAICHRR GT SE, WIR RAL CW MESS OME IBV 
DU, WEO FR ORAICHAT, HED EAA 5 KAILA T 
ITE ERO KL Ze. EIEC SL, HED MEDI < 
CIEZ oT, WML. LoT, CORP TH 
LET TAORERMY -—7VAOD—-MLEARENAD 
T, EMR DORE LTH ZCERCAA. 
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